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Abstract−The effect of silica nanoparticles on phase inversion of liquid-liquid dispersions in a stirred vessel was

investigated. The studied systems were toluene dispersed in water and vice versa. In the first set of experiments, phase

inversion behavior of systems without Silica nanoparticles was evaluated and subsequent experiments were conducted

in the presence of the nanoparticles. For this purpose, Silica nanoparticles of different concentrations (0.01, 0.03, 0.05,

0.07 wt%) were dispersed in water. The nanofluid stability was examined using an ultraviolet-visible (UV-vis) spec-

trophotometer. The results indicated that increase in silica nanoparticle concentrations up to 0.07 wt% led to increase

in agitation speed of phase inversion 43-53.5% and 38.5-45% in the case of O/W and W/O dispersions, respectively.

Consequently, the tendency of dispersions to inversion diminished as nanoparticle concentrations increased. Finally,

0.05 wt% of silica nanoparticle was selected as the optimum on the range studied.
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INTRODUCTION

Liquid-liquid dispersions consist of two immiscible liquids. These

systems, which are usually composed of an aqueous (water) and

an organic (oil) phase, have various applications in many chemical

processes in which contact between liquids is necessary to improve

heat and mass transfer. For example, liquid-liquid extraction, mul-

tiphase reactions, direct heat transfer and preparation of emulsions

in pharmaceutical and food industries are frequently encountered

with two-phase liquid-liquid. Most of these dispersions are pro-

duced in agitated vessels, and depending on the conditions, one of

the liquids (dispersed phase), which has lower volume fraction, forms

droplets in the other one (continuous phase). There are two main

kinds of dispersions: oil in water (O/W), which characterizes oil

dispersed in water, and water in oil (W/O), which means water is

the dispersed phase.

At steady state, there is a dynamic equilibrium between coales-

cence and breakup rate of dispersed drops. Large holdups and high

degree of power input are often applied to many industrial pro-

cesses in order to achieve high efficiency and productivity. Such

operations may lead to the deviation from the steady condition at a

critical value, if the limitations of these changes are not considered.

Hence, the coalescence rate of drops increases and transcends the

breakage rate, which results in a spontaneous event called phase

inversion [1-7]. This phenomenon was reported by Rodger et al.

[8] for the first time and refers to the conversion between two types

of dispersions. For example, an O/W dispersion inverts to a W/O

dispersion and vice versa. The phase inversion point is defined as

the dispersed phase holdup beyond which is replaced by the contin-

uous phase. The “ambivalent region” is a range of volume frac-

tions in which either phase can be continuous and it is attributed to

the hysteresis effect of phase inversion between oil and water con-

tinuous dispersions [2,6,9-11].

It has been found that this phenomenon is coupled with a maxi-

mum in the viscosity of dispersion and the formation of a number

of secondary and multi dispersions by using laser induced fluores-

cence (LIF) technique [12]. It has also been observed that it is a time-

dependent process and the phase inversion delay time depends on

variety of parameters [13].

The variation of a dispersion morphology due to the phase inver-

sion results in a system with entirely different properties such as

drop size of dispersed phase, rheological characteristics, settling time,

interfacial area, pressure drop value in pipelines and rate of heat

exchange, mass transfer and chemical reaction, as well [2,11,13].

Phase inversion can be regarded as a troublesome event in some

chemical processes and can affect the performance of systems. For

instance, it must be prohibited in liquid-liquid extraction equipment

such as mixer-settlers. On the other hand, some industrial pro-

cesses take advantage of it. For example, it is a convenient tech-

nique to achieve the favorite fine emulsions by consuming lower

surfactant concentration and energy input compared with direct emul-

sification method, particularly in the case of viscous fluids and poly-

mers in food, paint and cosmetic manufacturing industry [14-16].

In addition, phase inversion can be utilized in process intensifica-

tion because it has been revealed that higher mass transfer was ob-

tained in the vicinity of phase inversion [17].

Hence, it is crucial to determine the phase inversion point for the

design of chemical engineering systems such as mixer-settlers, pumps

and pipelines or in order to produce desirable dispersion. As a result,

it has been an intensively studied topic for many investigators. Vari-

ous empirical correlations and some theoretical models have been

proposed for estimating the phase inversion point based on several

supposed physical mechanisms [18-22]. Juswandi [19] presented a

stochastic model to simulate phase inversion via the Monte Carlo

technique and applied the minimization of the total energy content
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in the system as a rational criterion for determination of the phase

inversion volume fraction. Subsequent authors developed it by incor-

porating the hydrodynamics of drop coalescence and breakup into

a model [21] and modeled the hysteresis that is along with phase

inversion [20].

According several investigations in the literature, some parame-

ters which principally influence the inversion point are:

• Physical and physico-chemical properties of the continuous

and dispersed phase such as density, interfacial tension and viscos-

ity that is the most significant one [4,5,10,13,18,22].

• Operating parameters such as impeller agitation speed, and

location, type, number and size of the impellers [4,10]. Even so,

Deshpande and Kumar [1] proposed that the inversion holdup will

be independent of operational variables at high intensity of turbu-

lence as Selker and Sleicher [10] and Lunning and Sawistowski

[18] had reported.

• Wetting characteristics and substance of the equipment involved

in the process [13,23].

• Applying an electric field [24].

• Mass transfer and presence of the other components in the liq-

uid-liquid systems such as salts and surfactants [25].

Surfactant (emulsifier) is a third component introduced into emul-

sions to render them kinetically stable. Surfactants reduce the interfa-

cial tension by adsorption at the interface and retarding the drainage

of the continuous film between two drops of dispersed phase, and

therefore result in the decline of coalescence rate [26]. Thus, they

can change inversion behavior of emulsions.

Nanoparticles have attracted considerable interest due to their

great features and applications. It is now well known that colloidal

solid particles can be used to promote the stability of emulsions in-

stead of surfactants, owing to some of their advantages such as lower

cost and toxicity over the surfactants [27,28]. The mechanism of

stabilization of this so-called “Pickering emulsion” has been broadly

studied, and it was expressed that particles can strongly adsorb at

the interfaces and prevent the coalescence by steric hindrance or

formation of a 3-D network of particles between droplets [29-32].

Therefore, nanoparticles affect the inversion process of emulsions

but not similar to the surfactants. Meanwhile, important factors con-

trolling their performance are wettability, concentration [33], size,

shape, and location of the particles. In the published papers con-

cerning the stabilization of emulsion with fine solid particles [34-

37], the ability of solid particles for preparing stable emulsions against

creaming, coalescence, and Ostwald ripening was often evaluated.

For this purpose, after stopping mechanical agitation, the stability

of emulsions was assessed by measuring the volume of the pro-

duced emulsions and percentage of oil released after a given time.

In fact, the criterion for the stability of emulsion was time of phase

separation and breakdown of emulsions, but in the current work

we focused on the phase inversion phenomenon as a criterion for

assessment of the stability of toluene-water dispersions (temporary

emulsions).

Inversion of Pickering emulsions is often achieved via varying

the hydrophile-lipophile balance of solid particles [30], for exam-

ple, by changing the particle concentration [33], using mixture of

two particle type with different wettability [38] (transitional inver-

sion) or altering the volume fraction of dispersed phase of emul-

sions (catastrophic inversion) at a fixed amount of nanoparticles

[32].

We studied the effect of presence of low concentrations of silica

nanoparticles (compared with other researches) on catastrophic phase

inversion of systems containing different content of these nanopar-

ticles. In addition, stability of nanofluids was examined.

The catastrophic phase inversion point at different holdups of

the dispersed phase was achieved through changing the energy input

in liquid-liquid systems with or without nanoparticles. Therefore,

the phase inversion point corresponds to the agitation speed at which

dispersed phase turns into the continuous phase.

EXPERIMENTAL

1. Materials

The liquid-liquid system under investigation consists of deionized

water, toluene and silica nanoparticle. Distillated water (PH~7) hav-

ing a density of 996 Kg/m3 and a viscosity of 0.96 mPa·s was used

as the aqueous phase and toluene (purity>99%, product of Merck

Co.) having a density of 870 Kg/m3 and a viscosity of 0.57 mPa·s

was the organic phase. Silica nanoparticles with a BET surface area

of 200 m2/g and average primary particle size of 12 nm were supplied

by Degussa (Aerosil R200).

The interfacial tension of the toluene-water system is 0.036 N/

m, as measured by a Kruss digital tensiometer K10T (Hamburg,

Germany). Fig. 1 demonstrates interfacial tension of the system ver-

sus the several concentrations of the silica nanoparticles in the sys-

tem.

Fig. 1. Interfacial tension for different concentrations of SiO2 nano-
particles.

Fig. 2. Schematic diagram of the apparatus used for the phase in-
version experiments.
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2. Apparatus

The experimental setup, presented in Fig. 2 consists of:

i) A non-baffled glass vessel with internal diameter (DT) and height

of (H) 8.5 cm and 12.5 cm, respectively.

ii) A six pitched blade turbine impeller of 4 cm in diameter (d/

DT=0.47) connected to a cylindrical shaft for mixing the phases and

both of them were made from stainless steel. The impeller was located

in the center of the vessel at 1/3 height of the vessel based on the

design rules of mixing equipment.

iii) A variable speed stirring motor to drive the impeller which is

equipped with a digital tachometer to adjust the agitation rate in the

range of 0-2,000 rpm.

The conductivity of dispersions was measured using a micro-

processor-pocket-conductivity meter (model LF96) to identify the

phase inversion point. In addition, it could act as a baffle for the

system.

3. Procedure

All the experiments were carried out at room temperature. Prior

to each run, the liquids were mutually saturated with each other to

prevent mass transfer between them and the equipment was cleaned

by acetone and tap water to ensure the absence of any contamina-

tion, which affect the phase inversion process.

To study the impact of silica nanoparticles on the phase inver-

sion point in toluene-water system, ten sets of experiments were

performed by varying the nanoparticle concentrations (0, 0.01, 0.03,

0.05, 0.07 wt%) at different holdups. For preparing silica nanopar-

ticle dispersion in water, in every experiment a specified amount of

silica powder was added to the saturated water as a base fluid and

then ultrasonicated for 1 h (Misonix sonicator 3,000, 500 W, 20 KHz).

Morphological characteristics of Silica nanoparticles are shown in

Fig. 3(a) and (b). In this figure, the scanning electron microscope

(SEM) image illustrates the spherical morphology of nanoparticles,

and dynamic light scattering (DLS) shows the presence of particles

between 16-83 nm with a mean diameter of 37 nm in the dispersion.

In the first step of phase inversion experiments, certain volumes

of the aqueous and organic phase were introduced to the vessel to

set a proper holdup at a chosen concentration of the nanoparticles.

Meanwhile, according to which phase is dispersed phase, holdup

was determined by the equation below:

(1)

Where Vc and Vd are the continuous and dispersed phase volume

and ϕd is the favorable hold up.

For the formation of primary dispersions, a minimum agitation

speed was applied and after that, the agitation speed increased gradu-

ally at constant holdup in the case of O/W dispersions until phase

inversion occurred. To make sure of accurate determination of the

agitation speed of inversion point, the experiments were repeated

at least three times and near the inversion point, impeller speed altered

precisely. In the case of W/O dispersions the same procedure was

repeated, but differed in that phase inversion point was obtained by

gradually decreasing the agitated speed.

4. Conductivity Measurements

Four techniques have been proposed to specify the phase inver-

sion point, including optical assessment, monitoring the viscosity,

analysis of the electrical resistance, and measuring the conductivity

of the dispersions [28]. In this study, phase inversion was detected

visually and by successively measuring the conductivity of the dis-

persions as the conductivity of the water and oil continuous disper-

sions differ by several orders of magnitude. Fig. 4 illustrates an exam-

ple of the change in dispersion conductivity with variation of the

agitation speed of impeller, and a sharp shift in conductivity is ob-

served at the phase inversion point.

RESULT AND DISCUSSION

Fig. 5 depicts the phase inversion map for O/W and W/O disper-

ϕd = 

Vd

Vd + Vc

-----------------

Fig. 4. Conductivity of toluene-water system as a function of the
agitation speed.

Fig. 3. (a) SEM image of Silica nanoparticles. (b) Size distribution
of Silica nanoparticles dispersed in water.
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sions of toluene-water system without silica nanoparticles. In this

figure, the organic phase volume fraction against the agitation speed

is plotted. The upside curve (I) exhibits the phase inversion from

O/W to W/O dispersions induced by increasing the agitation speed,

and the underside curve (II) shows the phase inversion from W/O

to O/W dispersions caused by decreasing the agitation speed. As

mentioned before, there is an ambivalent region between these two

curves where both types of dispersions can be formed depending

on the conditions.

The experimental results indicate that the energy input required

for the O/WW/O inversion (curve (I)) increases while the dis-

persed phase holdup decreases. As a result, it can be claimed that

O/W dispersions with lower volume fraction of toluene need more

power input of mixing in order to invert to W/O dispersions and

they are more stable. This trend is contrary to the W/O→O/W in-

version (curve (II)) in such a manner that the agitation speed of phase

inversion decreases as the volume fraction of water decreases, so

the stability of the W/O dispersion reduces. This reverse behavior

for O/W and W/O dispersions is in line with the results of the previous

investigators who studied the phase inversion behavior of different

continuous and semi-batch systems by gradually increasing the amount

of disperse phase instead of changing the agitation intensity used in

this work. It was found that this trend is due to the some differences

in the structures of water and oil continuous dispersions [3,4,11,22].

Fig. 6 illustrates the effect of the silica nanoparticles concentra-

tion on the phase inversion locus of toluene-water system at differ-

ent holdups. The upper and lower curves of ambivalent region for

each certain concentration of nanoparticles show similar trends of

the systems without nanoparticles. As can be seen, adding silica

nanoparticles into the system causes both curves to shift consistently

to the right. These behaviors suggest that the presence of nanopar-

ticles alters the physical properties of this liquid-liquid system. Ac-

cording to Einstein’s formula for determination of nanofluid vis-

cosity [39], the viscosity change of the aqueous phase was not con-

siderable by adding nanoparticles and could not greatly affect the

ambivalence behavior. On the other hand, existence of nanoparti-

cles could reduce the interfacial tension, which has an influential

effect on the ambivalent range. Although this reduction is not large

compared to the surfactants, it cannot be disregarded (Fig. 2).

As it was noted previously, nanoparticles can play the role of emul-

sifiers because colloidal particles provide steric hindrance between

drops of the dispersed phase and make their coalescence more diffi-

cult. Hence, silica nanoparticles enhance the stability of the system,

and consequently phase inversion occurs at higher agitation speed

for O/W and W/O dispersions. To reach the phase inversion point,

for an O/W dispersion containing nanoparticles, more stirring energy

at fixed holdup is needed in comparison to O/W dispersions having

no nanoparticles as shown in Fig. 6. In the case of W/O disper-

sions similar results are observed, revealing that in the presence of

silica nanoparticles the tendency to the inversion diminishes, and

therefore higher energy input at constant holdup is required for phase

inversion to occur. The results also show that the effect of nanopar-

ticles is more pronounced for O/W dispersions since the silica nano-

particles are hydrophilic and they are often used to stabilize O/W

emulsion (permanent dispersions). From the other point of view,

these nanoparticles can also affect the phase inversion behavior of

W/O dispersions, which is ascribed to the decline in interfacial ten-

sion of toluene-water system. These observations are in agreement

with earlier studies concerning phase inversion, which reported that

lower interfacial tension caused phase inversion to happen at higher

volume fraction of the drop phase under a constant agitation speed

[4].

Based upon Fig. 6, using more amounts of silica nanoparticles

moves both curves towards upper agitation speed and expands the

stability range of dispersions that is favorable for processes which

high agitation speed is needed. As shown in this figure, an increase

in silica nanoparticle concentrations from 0 to 0.07 wt% leads to

500 rpm average rise in agitation speed of phase inversion. The high-

est agitation speeds of phase inversion correspond to O/W and W/O

dispersions containing 0.07 wt% of silica nanoparticles at dispersed

phase volume fraction of 0.6 and 0.65 which are 1,730 rpm and 1,525

rpm, respectively. However, we found that 0.05 wt% is the opti-

mum concentration of silica nanoparticle in the range explored in

our experiments because further increase up to 0.07 wt% increases

the agitation speed of phase inversion almost 58 rpm. This increase

compared with the enhancement rate of lower concentrations is not

considerable. This fact suggests that higher concentrations than 0.05

wt% of silica nanoparticles have little influence on phase inversion

and make no significant difference. This trend may be attributed to

the minimum interfacial tension, which corresponds to 0.05 wt%.

Furthermore, by using more nanoparticles the risk of particle sedi-

mentation and agglomeration increases and that prevents some parti-

cles adsorbing at the interface.

1. Analysis of Nanofluid Stability

Since the stability of aqueous nanofluids affects the performance

of nanoparticles and consequently phase inversion behavior of the

system, the stability of nanofluids was investigated by using a UV-

visible spectrophotometer (Cintra 6, GBC Scientific equipment Ltd.,

Australia).

Absorbency of each nanofluid at the wavelength of 320 nm (cor-

Fig. 5. Phase inversion characteristics for toluene-water system in
the absence of nanoparticles.

Fig. 6. Effect of Silica nanoparticle concentrations on the phase
inversion point of toluene-water system.
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responding to peak absorbance) was measured at regular intervals.

The concentration of suspended particles in the suspension is pro-

portional to the absorbency of nanofluids and a linear relation be-

tween them is presented in Fig. 7. Therefore, lower change in absor-

bency means lower degree of concentration variation of suspended

nanoparticles or better stability of nanofluids for a given period.

Fig. 8 illustrates the colloidal stability of nanofluids with differ-

ent initial concentration of silica nanoparticles. The relative concen-

tration (C/C0) of silica nanoparticles at different initial concentrations

decreases with time and nanofluid stability decreases as the con-

centrations increase. Owing to this figure, it can be asserted that all

of the nanofluids show good stability during the phase inversion

experiments.

CONCLUSIONS

We investigated the effect of presence and concentration of silica

nanoparticle on the phase inversion of toluene-water system. The

major results of this study are as follows. An increase in silica nano-

particle concentration from 0 to 0.07 wt% reduces interfacial ten-

sion of the system about 12.5%, improves the stability range of dis-

persions, and causes phase inversion to occur at higher agitation

speeds. These speed enhancements are 43-53.5% and 38.5-45%

for O/W and W/O dispersions compared with pure systems, respec-

tively. Findings confirm that nanoparticles are able to stabilize dis-

persions, so prevention of the phase inversion even at high agitation

speeds is possible by applying appropriate amount of them in dis-

persions for industrial applications. Results show that the minimum

value of interfacial tension is achieved at 0.05 wt% of silica and the

effect of higher concentrations on the interfacial tension is negligible.

At 0.05 wt% of silica nanoparticle, the agitation speed of phase in-

version increases from 190 up to 430 rpm at different holdups of

the dispersed phase with respect to the systems without nanoparti-

cles. Indeed, at this concentration the variation rate in agitation speed

of phase inversion is greater than at higher concentration.

Based on our work, using 0.07 wt% silica nanoparticle gives rise

to the highest agitation speed, i.e., the widest range of dispersion

stability, but we found that 0.05 wt% is the optimum and most ef-

ficient concentration in our system and experimental conditions ac-

cording to above mentioned reasons. In addition, the results of nanof-

luid stability indicate that the relative concentration of 0.05 wt%

silica nanofluids decreases about 1.6% 1 h after preparation. For

0.07 wt% silica nanofluids, it is about 2.7%. Hence, 0.05 wt% Silica

nanofluids are more stable against sedimentation.

NOMENCLATURE

C : concentration of nanoparticles suspended in base fluid [kg/

m3]

C0 : initial concentration of nanoparticles in base fluid [kg/m3]

Vc : continuous volume [m3]

Vd : dispersed phase volume [m3]

Greek Letters

ϕd : dispersed phase hold-up
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